The Loess Plateau suffers from severe soil erosion that leads to a series of ecological and economic problems such as reduced land productivity, exacerbated rural poverty, decreased biodiversity and sedimentation of the riverbed in the lower reaches of the Yellow River. Soil erosion models are commonly used on the Loess Plateau to help target sustainable land management strategies to control soil erosion.
Introduction
Soil systems are a key component of the delivery of many ecosystem services upon which societies depend, including those that are crucial to food security, climate mitigation, and water and nutrient cycling (de Vries et al., 2012) . However, soil systems are facing erosion threats under climate change and intensified land management (Oldeman, 1994 , Yang et al., 2003 . Soil erosion leads to serious issues, including the reduction of soil depth, soil organic matter and nutrients (Pimentel, 2006) , reduced crop yields (Wang et al., 2006) , the loss of arable land and biodiversity (Pimentel et al., 1995) , exacerbated rural poverty (Meng, 1997) , water pollution (Rothwell et al., 2005) and enhancement of terrestrial carbon release (Pawson et al., 2012) . Sediment transport and deposition may degrade streams, lakes, reservoirs, and estuaries (Uri, 2001) . Globally, the total land area affected by water erosion was estimated to be 10.1 million km 2 , of which 7.5 million km 2 was severely affected, and that by wind erosion was 5.5 million km 2 , of which 3.0 million
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3 km 2 was severely affected (Oldeman, 1994) . Among these areas, the Chinese Loess Plateau has been ranked as being most severely eroded (Shi and Shao, 2000) .
Although dramatically decreased in some areas during the last 20 years (Jiao et al., 2016 , Tsunekawa et al., 2014 , soil erosion rates on the plateau can reach 15,000 t km -2 yr -1 , with approximately 91,200 km 2 subject to a soil erosion rate of over 8,000 t km -2 yr -1 (NDRC et al., 2010, Shi and Shao, 2000) . The plateau has therefore been an important area for soil erosion research.
Soil erosion research is generally carried out through field observation (Lal, 1994) , tracer studies (Walling and Quine, 1990) , experimental manipulation (Lal, 1994) and soil erosion modelling (Wainwright and Mulligan, 2013, Li et al., 2016b) . Traditional experimental methods are easy to apply at small scales (e.g. patch scales and hillslope scales) and the outcomes are beneficial for investigations into the underlying mechanisms of soil erosion. However, these methods are difficult to apply over a large area (e.g. catchment scales and regional scales) given that such projects are labour intensive and costly. At the same time, there has been a number of investments supported by the Chinese central government aimed at reducing erosion on the Loess Plateau such as implementation of soil and water conservation measures (i.e. vegetation restoration, construction of check-dams and terraces etc.) and the 'Grain-for-Green' project (converting sloping croplands to forest/grasslands) (Tang, 2004 , Mu et al., 2007 , Feng et al., 2016 . There is therefore a need to quantitatively assess the effects of different measures and their combinations on soil erosion reduction for the development of sustainable land-use strategies. However, it is difficult to fulfil this need solely using traditional experimental methods particularly if we are to include consideration of future climate change (Wainwright and Mulligan, 2013) . Soil erosion models are able to operate ACCEPTED MANUSCRIPT
4 over large regions with different possible inputs to include uncertainties in future change (Wainwright and Mulligan, 2013 , Li et al., 2016a , Li et al., 2017a , 2017b .
Since the 1980s, there has been a remarkable advance in research on soil erosion models for the Loess Plateau. Many soil erosion models, originally developed for other areas, have been applied to the region, including Universal Soil Loss Equation (USLE) and its variants (e.g. Sun et al., 1990 , Sun et al., 2014 , Watershed Erosion Prediction Project (WEPP) (e.g. , Li et al., 2011 , Limburg Soil Erosion Model (LISEM) (e.g. Hessel et al., 2003a , 2003b , Hessel and Jetten, 2007 , Soil and Water Assessment Tool (SWAT) (e.g. Qiu et al., 2012 , Zuo et al., 2016 ,
Water and Tillage Erosion Model and Sediment Delivery Model (WATEM/SEDEM) (e.g. Zhao et al., 2015 , Feng et al., 2010 , and Morgan-Morgan-Finney model (MMF) (e.g. Li et al., 2010a) . There have also been some soil erosion models developed specifically for the Loess Plateau including the Chinese Soil Loss Equation (CSLE) (Liu et al., 2002) and Digital Yellow River Model (DYRIM) , and those developed by Yang et al. (2012) , Si et al. (2015) , Tian et al. (2015) , Tang et al. (1990) , Jin et al. (2008) , Jia et al. (2005) , Cai et al. (1996) , Fan et al. (1985) and Yin et al. (1989) .
Although many models have been used on the Loess Plateau, it was unclear for model users how to choose an appropriate model for a specific research question.
In order to address this issue, a thorough comparison of contemporary soil erosion models for the Loess Plateau was needed. Such a study should not only involve the key criteria for model comparisons such as those used in de Vente et al. (2013) , but also take into account the nature of each model such as the research aims that the model was developed to address or the environment the model works well in. In doing so, the results of a model comparison should be beneficial for model users to
5 help them choose an appropriate model, but also good for model developers to support understanding of future needs.
This paper aimed to compare contemporary soil erosion models for the Chinese Loess Plateau based on a survey of literature. We selected the soil erosion models that were well used on the Loess Plateau, and compared and discussed them in terms of performance, process representation, data requirements and calibration needs and potential for use in scenario studies. We suggested the research questions that each model can address on the Loess Plateau through combining model comparisons and the nature of each model. We also identified priorities for future development of soil erosion models for the Loess Plateau.
2 Basic concepts for soil erosion models
Model types
Two broad types of model are frequently used in soil erosion modelling: empirical and process-based. In empirical models, statistical techniques are employed to examine the relationships between different components of studied systems (Wainwright and Mulligan, 2013) . Empirical models can achieve accurate results.
However, they are limited to conditions for model development Quinton, 2001, Aksoy and Kavvas, 2005) and therefore often do not perform well when applied to other areas or other time periods (Sadeghi et al., 2013) . In order to explain and predict the dynamic behaviour of the system as a whole, process-based models consist of algorithms derived from theoretical principles such as some forms of kinematic wave procedure for routing water and sediment (Wiltshire, 1983, Morgan and Quinton, 2001) . Ideally the processes would be represented by process-based models, while all parameters could be measured in the field. In theory, processbased models are more transferable than empirical models (Wainwright and Mulligan, A C C E P T E D M A N U S C R I P T 6 2013). However, in practice, the lack of field data on drivers of the processes and the lack of understanding of the processes across scales present key limitations to model development and deployment.
Model structures
Soil erosion models are built in two structures: lumped and distributed (Jetten et al., 2003 , de Vente et al., 2008 . In lumped models, contributing factors of erosion are represented by a constant value over the study area (Aksoy and Kavvas, 2005) .
However, erosion-influencing factors, such as soil properties and topography, significantly vary over space even within areas as small as one field. This variability cannot be represented by a constant value. Recent advances in Geographic Information Systems (GIS) support better representations of the spatial variability (Jetten et al., 2003) . In spatially-distributed models, a large area is divided into small sub-units, which have uniform characteristics such as climate, land use and topography (Aksoy and Kavvas, 2005) . Models are then run within and between each of the sub-units to derive overall soil loss from the study area.
Model scales
A soil erosion model usually focuses on soil erosion and transport at specific spatial and temporal scales (de Vente and Poesen, 2005) . Spatial or temporal scale refers to the spatial extent or time span that models operate at, while time step means the time interval used by a model during applications (e.g. predictions are made for every hour or every month). Spatial scales typically include hillslope (< 0.1 km 2 ), small catchment (0.1 km 2 ~1,000 km 2 ), medium catchment (1,000 km 2 ~ 10,000 km 2 ) and large catchment / regional (> 10,000 km 2 ), while temporal scales typically involve event, daily, monthly and annual. Process-based models usually fall within two groups: event and continuous models (Morgan and Quinton, 2001) . Event
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A C C E P T E D M A N U S C R I P T 7 models are developed to investigate the impact of single storm events or storms of different return periods with time steps of minutes to hours (Saavedra, 2005) . Their algorithms are often developed for catchment-scale applications (Merritt et al., 2003) .
Continuous models operate on successive time increments, with time steps ranging from days to months, to estimate soil erosion and sediment yield at various spatial scales (Renschler and Flanagan, 2002, Merritt et al., 2003) .
3 Soil erosion and transport on the Loess Plateau
Loess Plateau
The Loess Plateau (33°41' N~41°16' N, 100°52' E~114°33' E) lies in the middle reach of the Yellow River, China, extending horizontally over 640,000 km 2 and vertically between 1,000 and 1,600 m above the sea level (Chen et al., 2007; Zhao et al., 2013) . The plateau is characterized by steep slopes formed by continuous loess deposits with an average depth of over 100 m, which has been delivered by wind from the northwestern Gobi desert since the beginning of the Quaternary (Cai, 2001 ). Typically containing up to 10% fine sand and up to 20% clay (Pye and Sherwin, 1999) , the loess is loose, porous and easily detached by erosive forces, which, on the Loess Plateau, include raindrop impacts, running water (e.g. overland flow and pipe flow), gravity, freeze-thaw and wind , Fu, 1989 , Shi et al., 2004 , Zhu et al., 2002 . The plateau is within the continental monsoon region with mean annual precipitation ranging from 150 mm in the northwest to 700 mm in the southeast (Zhao et al., 2013 , Li et al., 2009 ). The precipitation is seasonally uneven and mainly takes place in summer months (July to September) in the form of intensive and short-duration rainfall events with oneminute-interval rainfall intensities often exceeding 100 mm h -1 (Hessel, 2002) .
Potential evapotranspiration is much higher than precipitation (Tsunekawa et al.,
. This results in a low soil water content and desiccation, limiting the growth of vegetation (Jiao et al., 2016) . Meanwhile, extensive historical human interventions, such as long-term cultivation (Zhu, 1989 , Chen et al., 2007 , development of energy industries (Shi and Shao, 2000) and grazing, have significantly reduced the vegetation cover. In places this vegetation cover has recently been partly restored by the 'Grain-for-Green' project (Jiao et al., 2016 , Tsunekawa et al., 2014 . However, large areas are still at severe risk of erosion. Overall, intensive rainfall, water flow and gravity are the key features that act on steep, sparsely vegetated and highly erodible loess slopes, accounting for the majority of the soil loss on the Loess
Plateau (Zhang and Liu, 2005 , Zhao et al., 2013 , Shi and Shao, 2000 . Therefore, here we focus on models of water-induced erosion and gravitational erosion.
Soil erosion and sediment transport processes
Water-induced erosion and gravitational erosion include the detachment of soil by rainsplash, water flow and gravity, the transport of detached soil particles via overland flow and pipeflow, and deposition of the entrained or transported soil particles (Han et al., 2012) . This detachment-transport-deposition process redistributes loose soil, leading to a fractured and complicated terrain of wellconnected hillslopes and stream channels on the Loess Plateau .
On hillslopes of the Loess Plateau erosion processes usually follow a downslope sequence of splash-sheet-rill-shallow gully (Zhu, 1986 , Zhang, 1993 , Tsunekawa et al., 2014 , since the initiation of rill and gully erosion requires sufficiently concentrated runoff that accumulates as the length of the slope increases (Loch and Silburn, 1996) . On the flat lands of upper hillslopes, soil particles detached by rainfall splash form a thin layer of slurry, blocking soil pores and thus reducing the rate of infiltration (Gong, 1988) . This accelerates the production of shallow infiltration-
excess overland flow, resulting in sheet erosion. Along with the increase of slope gradient downward, the water flow from the upper hillslope moves over the soil surface through preferential pathways, and forms easily recognisable channels, which are termed rills. The areas between rills are termed interrills. Sediment from rill and interrill sources are transported by the flow in rills, which may also detach soil particles if the shear stress is sufficiently high (Aksoy and Kavvas, 2005, Yalin, 1963) .
Rills usually develop downslope into shallow gullies, which are then connected to permanent larger gullies in which flowing water is dominant in sediment detachment and transport (Bennett, 1974; . However, there are not always shallow gullies above the headcuts of permanent gullies on the Loess Plateau. Rills can be obliterated by tillage. Shallow gullies, also termed ephemeral gullies, can be plowed out or may naturally infill in an episodic cut-and-fill process (Schumm, 1977) , reforming at locations where flow concentrates (Poesen et al., 2011 , Guo et al., 2015 . Permanent gullies are too deep to be obliterated by tillage (Loch and Silburn,1996) .
A tunnel or piping system typically comprises multiple pipe inlets that may be connected to a pipe outlet via underground conduits that are often many centimeters in diameter and several hundred meters in length (Holden et al., 2007 , Zhu, 2006 .
The pipe system is an important way of transporting water, sediment and solutes from hillslopes (Holden et al., 2012 , Holden et al., 2009 , Holden et al., 2007 . Piping systems on the Loess Plateau are among the largest and most complicated in the world (Zhu, 2006) , sometimes accounting for a considerable proportion of soil loss and runoff production (Zhu, 1997 , Zhu et al., 2002 . Zhu (2012) found that gullies on the Loess Plateau were often formed through the collapse of large pipes.
Gravitational erosion, usually in the form of landslides, soil creep or bank collapse, occurs frequently in gullied regions of the Loess Plateau, as a result of steep slopes and the loose texture of loess soil (Gong, 1988) . The nature of the soil and microlandscape appear random but we have a poor understanding of the processes and their drivers on the Loess Plateau and therefore such processes tend to be modelled stochastically .
In-stream erosion consists of the direct removal of sediment from stream banks (lateral erosion) or stream beds (Merritt et al., 2003 , Tsunekawa et al., 2014 . 4 Selected models
Selection of modelling studies
From a survey of the literature, there were around thirty soil erosion and sediment transport models previously used on the Loess Plateau. Model calibrations and validations are often undertaken before the models are applied to a specific area . However, some models were not well tested before they were applied to the Loess Plateau. This was the case for some of the models specifically
developed for the Loess Plateau and particularly for the empirical ones established with catchment-outlet-based measurements. There were also some models that were thoroughly evaluated on the Loess Plateau but the results for sediment were described in a mainly qualitative manner. For example, LISEM was adapted to Loess Plateau conditions, calibrated and validated by Hessel et al., (2003a Hessel et al., ( , 2011 as a part of modelling work on the central Loess Plateau (Hessel et al., 2003a , 2003b , Hessel and Van Asch, 2003 , Hessel, 2006 , Hessel and Jetten, 2007 , Hessel et al., 2011 .
They reported the Nash-Sutcliffe coefficient ( ) (Nash and Sutcliffe, 1970) for runoff discharge, and for sediment they provided measured and simulated soil loss on an event basis, but the goodness-of-fit between measured and predicted sediment concentration was only described qualitatively (Hessel et al., , 2011 . The above two issues made a quantitative comparison of the corresponding models difficult, and thus those models were not included in our study. Eleven models (Table   1) were eventually chosen, representing a broad spectrum of model concepts, structures and scales. They were well calibrated and/or validated for the Loess Plateau and sufficient calibration and/or validation information was provided. The selected models are briefly introduced below as the detailed principles of them can be found in Morgan and Nearing (2011) and Morgan and Quinton (2001) .
Specific models
RUSLE and MUSLE
The USLE model was developed by the US Department of Agriculture (USDA) to estimate average annual water erosion (i.e. sheet and rill erosion) based on rainfall erosivity, soil erodibility, slope length, slope gradient, crop management, and erosion control practice Smith, 1965, Wischmeier and Smith 1978) . The revised USLE (RUSLE) is a systematic improvement of USLE through reviewing the
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USLE and its database, data analysis, and fundamental theory (Renard et al., 1991) .
The modified USLE (MUSLE) has been an attempt to estimate stream sediment yield for individual storms by replacing the rainfall factor with a runoff factor (Williams, 1975 , Sadeghi et al., 2013 . The CLSE is a localization of USLE for China through incorporating steep slopes and soil conservation measures (Liu et al., 2002) . 
Zheng's model
WEPP
The WEPP is a process-based, spatially-distributed model used for runoff and erosion modelling at a field or small catchment scale (< 260 ha) (Laflen et al., 1991 , Ascough, 1997 , and has a number of updates for different conditions and expansion of capabilities (Flanagan and Livingston, 1995 , Flanagan et al., 2007 , 2012 . Runoff is assumed to occur only if the rainfall excess derived based on the Green & Ampt equation overcomes depression storage. This process also provides the amount of soil infiltration to determine the water balance and crop growth, and influences runoff routing and erosion parameters. The steady-state sediment continuity equation is
used to predict rill and interrill processes (Nearing et al., 1989) . Rill erosion occurs if the shear stress exerted by flow exceeds the critical shear stress. Interrill erosion is conceptualized as a process of sediment delivery to rills (Tiwari et al., 2000) .
Detachment, transport and deposition within channels are modelled by the sediment continuity equation.
SWAT
The SWAT is a process-based, spatially-distributed, continuous time soil erosion model originally developed by Arnold et al (1998) , and was regularly updated by the USDA (Neitsch et al., 2011) (Green and Ampt, 1911) . Runoff flow is routed through the channel using a variable storage coefficient method developed by Williams (1969) or the Muskingum routing method. Erosion and sediment yield are estimated with MUSLE (Williams, 1975) . Sediment transport is a function of deposition and degradation, which are determined through comparing the sediment concentration and maximum sediment concentration (Neitsch et al., 2011) .
MMF
The MMF is a process-based, spatially-distributed model, developed by Morgan et al. (1984) to predict annual soil loss from field-sized areas on hillslopes. The model is composed of a water phase and sediment phase. In the water phase, runoff volume is estimated as an exponential function of rainfall, with a consideration of vegetation interception, topography, soil water storage and routing. In the sediment phase, the MMF estimates rainfall splash via rainfall energy and interception and transport capacity of runoff based on runoff volume, slope gradient and crop management.
Annual sediment yield is determined as the lesser of the amount of soil-particle detachment and transport capacity. The MMF model underwent three revisions including integration with GIS (de Jong, 1994) incorporation of flow detachment as well as plant height and leaf drainage for rainfall splash estimation ), and incorporation of particle-size selectivity and vegetation cover impacts (Morgan and Duzant, 2008) .
DYRIM
The DYRIM is a process-based, spatially-distributed and continuous model developed by to predict soil erosion and sediment transport for Loess Plateau catchments. Continuous hillslope overland flow (mainly Horton flow) and infiltration are simulated based on soil hydrodynamics theory (Li et al., 2009 ).
Hillslope erosion, including rainsplash erosion, sheet erosion and shallow gully erosion, increases with the reinforced surface flow along the hillslope (Wang et al., 2005b) . Gravitational erosion is simulated through considering the balance between the sliding forces and sliding resistance of the soil body (Wang et al., 2005a , Li et al., 2008 . To account for the perceived randomness, fuzzy analysis is applied to assess the probability in which gravitational erosion occurs (Wang et al., 2005a) . The sediment routing model is based on the diffusive wave method, assuming a V-shaped channel cross-section .
WATEM/SEDEM
The WATEM/SEDEM model is a spatially-distributed model originally developed by Van Rompaey et al. (2001) for the prediction of sediment delivery to river channels.
The model has three main components: (i) the assessment of the mean annual soil erosion rate based on a two-dimensional RUSLE; (ii) the assessment of a mean
annual transport capacity as a function of the potential rill erosion Govers, 1995, Van Oost et al., 2000) ; (iii) an algorithm that routes the sediment along a continuous flowpath towards the river system, taking into account the topography and transport capacity. The WATEM/SEDEM model has undergone some modifications, including derivation of the transport capacity based on upslope areas and slope gradients to consider gully erosion (Verstraeten et al., 2007) , and incorporation of the slope gradient factor proposed by Liu et al., (1994) for steep slope erosion . Tian et al. (2015) developed a process-based, spatially-distributed soil erosion and sediment transport model for the hilly loess region of the Loess Plateau. The model calculates the soil erosion rate and transport capacity for hillslopes, and the final sediment yield entering stream channels equals the lesser of the soil erosion rate and transport capacity. Soil erosion rates on hillslopes are derived from a modified version of RUSLE taking into account the shallow gullies proposed by Jiang et al. (2005) . The transport capacity is estimated with the algorithm that Verstraeten et al. (2007) proposed to modify the WATEM/SEDEM model for gully erosion modelling. A trapping efficiency is employed to simulate the impact of check-dams on sediment transport over landscapes.
Tian's model
Si's model
A semi-physical catchment sediment yield model was developed by Si et al. (2015) with modules of hillslope erosion, gully erosion and in-stream transport. The sediment yield from hillslopes is estimated through a balance between hydraulic erosion capacity driven by transport capacity, runoff depth and slope surface area, and soil erosion resistance capacity approximately described with an exponential
curve. The sediment concentration resulting from gully erosion is estimated from flow velocity based on the Bagnold's stream power function (Bagnold, 1960) . A mass balance is adopted to simulate the sediment transport through a stream section, and its erosion and deposition state. The proposed model is coupled with the Xinanjiang hydrological model developed by Zhao (1984) . The model includes an evapotranspiration calculation based on a three-layer soil moisture structure, vertically-mixed runoff production, and slope flow concentration using the Muskingum method (Zhao et al., 1995) .
Yang's model
A DEM-based, process-based, spatially-distributed runoff and erosion simulation model was developed by Yang et al. (2012) in order to improve current understanding of soil erosion processes in the Loess Plateau. In the model, overland flow is generated when rainfall intensity is higher than infiltration rate estimated by the Horton infiltration model (Horton, 1939 ). The generated runoff is then routed with a kinematic wave equation (Tang and Chen, 1997) . The soil erosion and transport processes are modelled based on algorithms that use the particular characteristics of loess slopes, gully slopes and stream channels to characterize the unique features of the hilly-gully Loess Plateau (Tang et al., 1990, Tang and Chen, 1997) .
Comparison of the selected models
Comparison criteria
Four criteria were employed to evaluate the selected models, with reference to those used in de Vente et al. (2013) and the specific conditions of the Loess Plateau.
(1) Accuracy of the predicted erosion rates/sediment yield evaluated with the coefficient of determination ( 2 ) and reported in the literature. The 2 and are given by,
where, and are the average of observed ( ) and predicted ( ) value respectively. The 2 lies between zero and one, and ranges from -∞ to one. A value of 2 and closer to one denotes a higher model accuracy.
(2) Ability to consider the unique characteristics or sediment generation and transport processes on the Loess Plateau (3) Requirements of input data and calibration efforts to implement the model (4) Capability of the model used for scenario studies of climate change and land management shifts (including soil and water conservation measures).
Prediction accuracy is widely employed as an indicator of model performance Quinton, 2001, Morgan and Nearing, 2011) . R 2 and Nsc are commonlyused to assess the prediction accuracy of soil erosion models used on the Loess Plateau. However, models with accurate predictions do not necessarily mean they are suitable for the study areas. As noted by Morgan and Quinton (2001) , an analysis on the rationality of soil models is needed to determine whether they are able to (explicitly or implicitly) consider the dominant soil erosion and sediment transport mechanisms of the region. Model users, including policy-makers, are sometimes not aware of the principles behind the models they choose for their study area, and may not have sufficient expertise . Therefore convenience for application is important for a model, which can usually be assessed based on the complexity of input data preparation and calibration. The land-use pattern on the Loess Plateau has been undergoing rapid changes driven by large scale vegetation restoration and soil conservation measures (Jiao et al., 2016 , Tang, 2004 , Feng et al., 2016 and climate change . Therefore, soil erosion models are needed to estimate soil erosion and sediment yield under contemporary land-use situations, and help determine suitable future land management strategies (including design of conservation strategies) through examining different possible land-use patterns under climate change scenarios Quinton, 2001, Morgan and Nearing, 2011) .
Prediction accuracy
Overall, empirical models produced sound soil erosion rates or sediment yield predictions. MUSLE and Zheng's model were found to produce less satisfactory predictions for low-magnitude events , 2011 ( (Si et al., 2015) ; WEPP, event/annual/continuous and plots/catchments of < 12 km 2 , Yu et al., 2009 ; MMF, annual and medium to large catchments (Li et al., 2010) ); (ii) Yang's model and Tian's model, which
provided good sediment yield predictions for small and medium-sized catchments at event and annual scales (i.e. Tian's model, annual and medium catchment (Tian et al., 2015) ; Yang's model, event and small catchments (Yang et al., 2012) ) in limited previous tests (i.e. no more than two sites); (iii) WATEM/SEDEM, SWAT and DYRIM, which produced unsatisfactory/unstable predictions. WATEM/SEDEM achieved a negative at a pixel level (Feng et al., 2010) , although the modified version soundly estimated annual sediment yield for a small catchment .
SWAT produced considerably lower sediment yield predictions during validation than those during calibration (Li et al., 2010b , Qiu et al., 2012 , Zuo et al., 2016 , while DYRIM produced unstable results (Li et al., 2008 , Li et al., 2009 ).
Some of the selected models have been applied to the same catchments including Lvergou, Chabagou and Huangfuchuan ( Process-based models theoretically have a greater transferability than empirical models, and are thus more likely to achieve sound predictions when applied to other places (Wainwright and Mulligan, 2013) . However, for the Loess Plateau empirical models such as RUSLE and MUSLE could produce sound predictions, and process-
based models such as SWAT and DYRIM sometimes produced unsatisfactory results (Table 2 ). This demonstrates that more complex models do not necessarily yield better predictions than simpler models (Beven and Binley, 1992) .
It should be noted that the above comparison results are not absolute because of the following reasons: (i) modelling studies listed in Table 2 cover a wide range of spatial and temporal scales, varying from plots to the whole of the Loess Plateau and from storm events to multi-year scales; (ii) the spatial resolution and time-step used by the models are different; (iii) most models were evaluated with field records from different sites. For those tested for the same catchments, field data were usually collected at different time periods. Hence, the environmental conditions for testing are different among the models. (iv) some models were tested with total sediment yield (e.g. RUSLE, WATEM/SEDEM), while others were tested with suspended sediment measurements. Suspended sediment measurements are subject to several shortcomings. First, bedload is not included which contributes a considerable proportion of total sediment yield from steep slopes and river channels (Shi et al., 2012) . Second, their accuracy is impacted by the time interval of sampling. Third, given that data is usually collected for a limited period such models tested with suspended sediment measurements may not be able to capture extreme events (de Vente et al., 2013) , which are common on the Loess Plateau in summer months (i.e.
July-September).
The soil erosion models studied were usually tested through comparing sediment yield predictions and measurements (Table 2) . Measurements of the internal processes driving the production and routing of sediment tended to not be well assessed against field data for those processes. It may be that the model predicts reasonable runoff discharge and sediment yield based on incorrect mechanisms,
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and many different parameter sets might result in equal model performance (Qiu et al., 2012 , Yang et al., 2012 ). An internal validation of the models is thus desirable.
However, we also need to improve our understanding of the underlying mechanisms of erosion processes and the relative importance of them on the Loess Plateau.
Sediment budget studies may help fulfil this need (Evans et al., 2006, Evans and Warburton, 2005) . The majority of the model tests and sensitivity analyses were outlet based, where either sedigraphs were compared with measured data, or the models were used to predict future events. There were few studies that compared simulated soil erosion patterns with observed soil erosion patterns on the Loess
Plateau (e.g. Li et al., 2008 , Feng et al., 2010 .
Process representation
Among the selected empirical models, Zheng's model is capable of implicitly representing all the erosion processes for its study catchments. RUSLE and its modifications are often incorporated into process-based models to account for sediment generation from hillslopes or small sub-catchments (e.g., SWAT, WATEM/SEDEM and Tian's model). All of the process-based models selected only look at a selection of soil erosion processes, no models involve all the erosion processes. All of them involve hillslope erosion and transport, while only some of them estimate deposition (i.e. WEPP, MMF, WATEM/SEDEM and Tian's model).
WEPP, SWAT, DYRIM, Si's model and Yang's model include channel routing, but only WEPP, SWAT and Si's model simulate channel sediment deposition. Combined, WEPP involves the detachment-transport-deposition processes of hillslopes and stream channels. So it has more potential application for studies that investigate the source and sink of the sediment within a catchment. However, the WEPP model does not take account of gully erosion. Although pipeflow could be partly
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represented by simulations as a form of rapid flow that might be similar in some ways to overland flow (Li et al., 2016b) , several aspects of pipeflow that affect the runoff and final sediment yield cannot be dealt with by current Loess Plateau models. A high density of deep and wide gullies, steep slopes and hyperconcentrated flow are three key features of the Loess Plateau, which need to be addressed by soil erosion models (Stolte et al., 2003 , Hessel and Jetten, 2007 , Hessel, 2006 , Poesen et al., 2011 . In the selected models, Si's model, Yang's model and the modified WATEM/SEDEM take account of gully erosion (Yang et al., 2012 , Si et al., 2015 . DYRIM is capable of simulating gravitational erosion on gully slopes in a stochastic way, providing estimates of the probability of the occurrence of
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23 gravitational erosion (Wang et al., 2005a , Li et al., 2008 . Slope stability models may also be useful to predict the collapse of gully heads on the Loess Plateau (Hessel and van Asch, 2003) . Unfortunately, the selected models do not either distinguish the ephemeral gullies from permanent gullies or consider the initiation and evolution of gullies (or rills). A landform evolution model (e.g. Coulthard, 2001 ), which simulates changing terrain induced by catastrophic soil erosion, sediment transport and deposition, may be useful to include the development of gullies through time. None of the models simulate interactions between gullies and other hydrological or erosion processes such as pipe erosion (Poesen et al., 2011) .
Among the selected models, WEPP is the only one that explicitly incorporates rill and interrill erosion processes (Laflen et al., 1991) . WEPP is capable of simulating sediment yield from steep slopes (> 20°) . SWAT, WATEM/SEDEM and Tian's model predict sediment generation with RUSLE or MUSLE, which was originally developed for gently-sloping (< 20°) land areas. A method for calculation of a steep slope factor proposed in CSLE (Liu et al., 2002) has often been incorporated into these models to implicitly account for sediment production from steep slopes (e.g. gully walls). Zheng's model, Yang's model, Si's model and DYRIM are specifically developed for the Loess Plateau, meaning that they ought to include factors associated with steep sloping conditions from the outset , Yang et al., 2012 , Si et al., 2015 . However, only Yang's model and Si's model explicitly simulate sediment erosion on steep slopes (e.g. gully walls).
It has been demonstrated that, for a highly erodible region like the Loess Plateau, a transport capacity term is particularly necessary for soil erosion models (Guo et al.,
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2014, Hessel and Jetten, 2007) . For example, DYRIM lumps hillslope erosion (rainsplash, rills and shallow gullies) together, and the sediment transport capacity is not involved, leading to an ever-increasing rate of soil erosion per unit area as a function of the slope length (Guo et al., 2014 ). An improved hillslope erosion module has been developed to include the transport capacity term, and will be incorporated into DYRIM (Guo et al., 2014) . Meanwhile, the behaviour of hyperconcentrated flow is quite different from that of clear water because of increased fluid density, viscosity and velocity resulting from increased sediment concentration, while steep slopes often lead to a sudden sediment deposition when slope angles decrease abruptly (Hessel et al., 2003a) . As a result, sediment transport algorithms that are commonly used in soil erosion models may be challenged when applied to the Loess Plateau (Hessel and Jetten, 2007) . Hessel and Jetten (2007) demonstrated that the Govers equation (Govers, 1990) that is employed by LISEM performed better for the Loess Plateau than other widely-used equations including the one that underpins the sediment transport in WEPP (i.e. Yalin equation, Yalin, 1963) . Further testing of sediment transport equations incorporated in soil erosion models is desirable.
Input data and calibration requirements
Unlike empirical models, process-based models usually require extensive input data and calibration effort (Table 3) . This inevitably limits their applications to large areas or areas without sufficient data support. Low input data requirements and calibration needs allow empirical models to run over a large region such as the Loess Plateau.
On the other hand, process-based models rather than empirical models are capable of reproducing different components of soil erosion and transport processes, and can therefore provide model users with detailed information on the evolvement of soil erosion processes.
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Among the process-based models, input data requirements for the ones simulating a water balance (i.e. WEPP, SWAT, MMF, DYRIM, Si's model and Yang's model) are generally higher than those deriving soil erosion directly based on rainfall (WATEM/SEDEM and Tian's model). However, the number of calibration parameters for the former ones is not always higher than that for the latter ones. Calibration strategies may be different when applying a process-based model to different sites.
For example, the number of calibration parameters in SWAT and WATEM/SEDEM varied in the selected studies (Table 3) . Moreover, continuous simulation models may have a larger input data requirement, particularly information about meteorological conditions, than event models. This is because continuous models continuously recalculate the water and sediment balance over a long-term period to determine the starting conditions of each storm, while event models only simulate short-term responses based on assumptions about the starting conditions of each event, particularly soil moisture (Morgan and Quinton, 2001 ).
Climate (e.g. precipitation and temperature), topographic information, land use and vegetation cover and soil properties are widely recognized as basic inputs for soil erosion and transport models (Chen et al., 2001 , Chen et al., 2006 . Errors in these input parameters are often considered as the main source of uncertainties surrounding model predictions, particularly for those of process-based models (Quinton, 1997) . However, the resolution and representativeness of the input data are also important sources of the uncertainty.
Topographic characteristics such as slope gradient and slope aspect determine not only the energy driving the flow of runoff and sediment but also the direction of runoff and sediment flow. This is particularly important for the case of the soil erosion modelling for the Loess Plateau, which is topographically complex (Liu et al., 1994 ,
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26 Liu et al., 2000 . Digital elevation models (DEM) are now a widely-applied means for the derivation of topographical characteristics. The highest resolution of DEM for the selected modelling studies is 5 m (Table 2) , which also represents the finest resolution in soil erosion modelling for the Loess Plateau. This resolution is sufficiently fine to capture the majority of topographical changes (e.g. slope length, slope gradient), gullies and drainage networks. However, the width of rills and shallow gullies is often less than 5 m over the Loess Plateau, which means most of the current modelling practices are subject to inaccuracy resulting from the resolution of the DEM.
Changes in vegetation coverage of the Loess Plateau can be quantitatively assessed via remote sensing-derived Normalized Difference Vegetation Index (NDVI) , Sun et al., 2014 , Jiao et al., 2016 or the vegetation growth module incorporated into the soil erosion models (e.g. SWAT, WEPP). However, the temporal dynamics of land-use patterns on the plateau are difficult to represent during soil erosion modelling. Moreover, the spatial resolution of land use and vegetation coverage data is often not sufficiently fine to capture small-scale changes in ground cover conditions. For example, the spatial resolution of the NDVI data for the Loess Plateau is usually greater than 1 km (Jiao et al., 2016, Wang et al., in press ). Therefore, it is possible to improve the accuracy of model predictions through increasing the resolution of input data. For example, fine-resolution DEMs, such as those derived from light detection and ranging technologies (LIDAR) (Harpold et al., 2015) , can be useful for the modelling of detailed geomorphological processes (e.g. rills). However, finer-resolution input data requires more computational resources, limiting the applications of the models over regions. Therefore, it is advisable to seek
a balance between the accuracy of input data and the convenience for model implementation.
In Loess Plateau soil erosion modelling (e.g. Zhao et al., 2015 , Tian et al., 2015 , soil properties determined through field sampling at certain sites were usually used over the whole study area. Although these data are accurate for the specific sampling sites, it is not clear how representative they are for other sites or for the study area as a whole. The climate condition (e.g. rainfall and temperature) over the study region is often represented by measurements at single stations (e.g. Zhao et al., 2015 , Si et al., 2015 or interpolated results based on measurement from several stations (e.g. Li et al., 2010a , Sun et al., 2014 . The former approach ignores spatial differences in climate conditions. The accuracy of the latter is limited by the distribution and density of gauging stations as well as the interpolation method which often does not consider the impact of topography on climate conditions.
Potential for application in scenario studies
WEPP, SWAT, MMF, DYRIM, Si's model and Yang's model may be suitable for assessing the impacts of climate change, land-use shifts and land management practices, given that these models simulate a water balance (Bathurst, 2011) .
However, Si's model is spatially-lumped, and is not capable of simulating the spatial pattern of erosional response to climate shifts and land-use/management change over a large area. The impacts of terraces and check-dams are often not explicitly accounted for by contemporary erosion models mainly because the feedback of conservation measures to hydrological processes (Mu et al., 2007) largely increases the complexity of erosion-transport-deposition processes (de Vente et al., 2013). As noted above, although finer-resolution DEMs (e.g. LIDAR DEMs) may provide a way of modelling these processes, the dramatic increase in computational demand may
largely offset their practicability. Hence models capable of simulating these processes in alternative ways are still desirable. SWAT and WEPP take reservoirs into account (Neitsch et al., 2011 , Zhang et al., 2004 , and Tian's model (although not simulating a water balance) considers the sediment trapped by check-dams via a trapping efficiency (Tian et al., 2015) . They are therefore potentially useful for examining the impact of check-dams. A process-based terrace algorithm has been developed and incorporated into SWAT to make the model capable of modelling terraces (Shao et al., 2013) .
Model selection
While the above comparisons provide a useful reference for soil erosion model selection for the Loess Plateau, a good understanding of research objectives in using a model is always fundamental to model selection. This is because each model is developed to address specific research questions. As Morgan (2011) pointed out, the first step of model development is to set a clear objective, including research aims (or questions) that the model addresses, temporal and spatial scales that the model works on, the output (e.g. rates/location of erosion/deposition) produced by the model, and the level of prediction accuracy required. In order to choose a suitable model, model users need to make sure that their research objectives can be met by the candidate model. The priority of the above four criteria may change during model selection for different research objectives. For example, the prediction accuracy of models may not be the top priority when a model application focuses on determining the source and sink of sediment over a region rather than predicting soil erosion rates/sediment yields.
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Soil erosion models are usually developed for particular environments, which means they only involve (explicitly or implicitly) erosion processes that are important in those environments based on various assumptions and simplifications ( Process descriptions in contemporary erosion models are often subject to empiricism making them more locally relevant, but not necessarily globally appropriate (Merritt et al., 2003, Morgan and Quinton, 2001 (Liu, 2002) ensured their applicability to the Loess Plateau. WATEM/SEDEM was also modified to include gully erosion (Verstraeten et al., 2007 .
If an inappropriate model is used and does not work, it is the fault of the user not the model. Table 4 synthesises which models are considered most effective and efficient to answer specific research questions at specific spatial and temporal scales for the Loess Plateau, and the environments which the models are considered to be suitable for based on a combination of the comparisons in section 5 and the nature of the models. Although not all possible research needs are covered, this table represents an attempt to help model users select a suitable model.
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In terms of the model comparison and discussion in section 5, further improvement of the Loess Plateau soil erosion models should concentrate on the following three aspects:
(i) More work should be done to improve the quality of sediment yield data (e.g. check-dams, terraces). The suggested priorities for future development of processbased models are not universal since dominant processes are not always the same for models with different research aims and scales Quinton, 2001, Morgan, 2011) . For example, a detailed representation of rill initiation and evolvement is important for short-term, hillslope or catchment scale models but it may not be necessary or even problematic for a long-term, large spatial scale model. (iii) For model evaluation, models capable of addressing the same research questions in terms of Table 4 should be compared against each other for the same
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datasets. An internal and spatial validation of the models is also needed.
Conclusions
This study compared eleven soil erosion models for the Loess Plateau based on their prediction accuracy, process representation, data requirements and calibration needs, and potential for use in scenario studies. The comparison showed that the prediction accuracy did not increase with the complexity of the model. Empirical models are useful for a quick assessment of soil erosion rates and sediment yields over an area, while process-based models can be used for detailed soil erosion and sediment yield assessments including determination of sediment sources and sinks and scenario analysis. The process-based models we compared can be grouped 
